Fluvial strata and landforms in the Rio Ilave valley (Peru) document a history of Holocene aggradation and 11 downcutting that is correlative with regional climatic events and provides an environmental context for human 12 occupation of the river valley. Periods of aggradation correspond to periods of high (or rising) level in Lake Titicaca 13 and elsewhere on the Altiplano, and increased sediment accumulation in the Rio Ilave valley. Downcutting episodes 14 correspond to periods of low level in Lake Titicaca and low or rapidly decreasing sedimentation rates in the Ilave 15 delta. There are five terrace tracts (T1 through T5) present in this southwestern Lake Titicaca tributary. These tracts 16 occur as both paired and unpaired terraces and have average heights from 1.4 to 24.3 m above the valley floor. The 17 major part of the fluvial sequence was deposited during the time period from prior to the Last Glacial Maximum until 18 about 8300 calendar years Before Present (cal BP)^a period of generally high (but variable) precipitation on the 19 Altiplano and high water level in Lake Titicaca. Initial deposition (aggradation) was followed by successive 20 downcutting to the T4 and T3 terrace surfaces. Initial downcutting began immediately after precipitation, runoff, and 21 sediment load decreased while base level dropped. It was followed by a period of episodic equilibrium and minor 22 downcutting that included a prolonged period of soil formation between V8350 and 6780 cal BP. The major pulses of 23 downcutting likely occurred between V6000 and 4500 cal BP and were coincident with periods of decreased 24 precipitation on the Altiplano and decreasing levels of Lake Titicaca. Two final periods of infilling, resulting in 25 deposition of the T2 and T1 terrace sediments V4000 to 2500 cal BP and V2000 to 1600 cal BP (during periods of 26 rising water level in Lake Titicaca, lacustrine sedimentation in the Rio Desaguadero valley, and increased 27 sedimentation offshore the Ilave delta), were separated by brief equilibrium stages and a brief downcutting event. This 28 fluvial history, when coupled with regional paleoclimatic data, relates to the region's preceramic through Tiwanaku-29 period archeological records. Archeological evidence indicates that humans occupied the Ilave valley as early as 10 000 30 cal BP. The higher terraces (T3, T4 and T5) were occupied for at least 5000 years, but humans did not utilize the 31 lower terraces (T1 and T2) until after V4400^3700 cal BP. Our results confirm that these lower terraces would not 32 have been available for either occupation or agriculture until after V4000 cal BP. 
Humans entered the Titicaca basin by 10 000 39 cal BP (Aldenderfer and Klink, 1996; Aldender-40 fer, 1998a; Klink, in press) and by the eve of the 41 Spanish conquest, the basin was the scene of one 42 of the densest populations in the Andean world. 43 Even though the close dependence of agropastoral 44 return on the state of climate and the natural 45 environment is a constant reality of the human 46 occupation of the Altiplano, during the past and 47 into the foreseeable future, the role of climatic 48 variation in the cultural evolution of the Titicaca 49 basin is poorly understood. For example, 50 although it has been suggested that the collapse 51 of Tiwanaku after AD 1000 was associated with 52 long-term drought (Ortlo¡ and Kolata, 1993; 53 , we know little about how 54 climate a¡ected certain critical processes in prehis-55 tory such as the domestication of indigenous 56 plants and animals. How populations grew and 57 thrived in a harsh and apparently unpredictable 58 climate is a major research issue in the anthropo-59 logical study of highland peoples in general and in 60 the Titicaca basin in particular. How the land-61 scapes occupied by those people changed in re-62 sponse to climate forcing and how these changes 63 may have a¡ected the human occupants of the 64 landscape are the major foci of this paper. 65 Because riparian resources formed the basis for 66 the subsistence economy of the early inhabitants 67 of the basin, the £uvial history of watersheds is 68 particularly important. It has been claimed that 69 humans are the major modi¢ers of the landscape 70 in the Lake Titicaca basin (e.g. Erickson, 1999 Erickson, , 71 2000 , but in the Rio Ilave valley human altera-72 tions are small (agricultural enhancement of soil 73 erosion, for example) in comparison to natural 74 landscape evolution. In most of the watersheds 75 of the Lake Titicaca basin (Fig. 1) , landscape evo-76 lution is primarily controlled by £uvial processes. 77 The £uvial data presented here allow us to begin 78 to examine systematically the question of how 79 Holocene climate variability a¡ects the landscape 80 and how landscape variability a¡ects human ac-81 tivities. We are at an advantage in this region, 82 relative to many traditional £uvial geomorphic 83 studies, because we know the history of both cli-84 mate and base level (the level of Lake Titicaca). 85 Middle Holocene precipitation on the Altiplano 86 was perhaps 40% less than modern (Cross et al., 87 2001). This aridity caused the level of Lake caca to drop as low as 85 m below its present level 89 (Seltzer et al., 1998; Cross et al., 2000) . The arid-90 ity was enduring, but punctuated by millennially 91 paced wetter periods . As While Vandenberghe (1995) suggests that climate 108 is most signi¢cant on orbital time-scales, studies 109 by Nanson (1968) and Erskin and Warner (1988) times of climatic transition (e.g. Knox, 1972;  115 Rose and Boardman, 1983; Bull, 1991; Vanden-116 berghe, 1995; Brigdland, 2000; Reneau, 2000) . 117 And, it has been suggested that the main climatic 118 control on river systems is discharge variability 119 (Schumm, 1993; Miall, 1996; Jones et al., 2001) . 120 In systems with minimal vegetation (and, typi-121 cally, low sediment cohesion), such as the Ilave, Rose and Boardman, 1983; Bull, 1991; Sugai, 127 1993; Allen and Breshears, 1998 Seltzer et al., 2002) , active 136 volcanism has played no other discernible role in 137 Holocene £uvial evolution of the basin. The 138 youngest macroscopic ash found in Lake Titicaca 139 cores dates at 27 000 cal yr BP (Baker et al., 140 2001b) . Also, there was apparently no time in 141 the Holocene when the vegetative cover in the 142 basin was so great that sediment cohesion would 143 have been dramatically altered (Paduano et al., 144 2002) . The relative unimportance of these compli-145 cating factors simpli¢es the task of trying to de-146 duce the most important relationships among the 147 histories of precipitation, base level (Lake Titicaca 148 level), and £uvial aggradation vs. incision in the 149 Ilave valley. 150 2. Geomorphic and climatic setting 151 Lake Titicaca ( Fig. 1) , at an elevation of 3810 152 m, is the highest large lake in the world and the 153 largest lake of South America. The lake occupies 154 an endorheic basin that extends from about 14 ‡ to 155 17 ‡S and from about 68 ‡ to 71 ‡W. This basin, the 156 northern part of the Bolivian and Peruvian Alti-157 plano, is bordered by the Cordillera Occidental to 158 the west, the Cordillera Oriental to the east, and 159 the Cordillera Vilcanota to the north. The south-160 ern limit of the basin is lower, and the lake over-161 £ows periodically (depending on lake level) into 162 the Rio Desaguadero that discharges into the 163 large, shallow, saline Lago Poopo, and the pres-164 ently dry salars (salt £ats) of Coipasa and Uyuni. 165 The Rio Ilave is one of the ¢ve major tributaries 166 to Lake Titicaca; in order of decreasing discharge 167 these tributaries are the Ramis, Ilave, Coata, 168 Huancane, and Suchez. 169 The northern Altiplano has a cold, semi-arid 170 climate. Average annual precipitation in the £ux from this source (Garreaud, 1999 Cook, 1997, 1999) . Because the po- (Fig. 2) ; it also in£uences modern agricultural 214 yields on the Altiplano (Orlove et al., 2000) .
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There has been little study of the nature and 216 origin of precipitation variability on the Altiplano 217 on decadal to millennial time-scales, yet such var-218 iability must play an important role in the £uvial 219 and landscape processes. Two archives of climate 220 information that are relevant to this issue are the 221 Quelccaya ice core (Thompson et al., 1986) (Fig. 3) . 228 Moreover, Melice and Roucou (1998) 1 9 3 0 1 9 3 1 1 9 3 2 1 9 3 3 1 9 3 4 1 9 3 5 1 9 3 6 1 9 3 7 1 9 3 8 1 9 3 9 1 9 4 0 1 1 Fig. 2 . The level of Lake Titicaca has been recorded at 2 Puno, Peru, since 1914. The highly seasonal nature of the 3 rainfall on the Altiplano causes increased input to the lake 4 (as illustrated by the Ilave discharge) and a sharp lake level 5 rise near the end of the wet season. This rise is followed by 6 a slower, evaporation-driven, fall of lake level spread over 7 the remainder of the year and, at high lake stages, discharge 8 via the Rio Desaguadero. Millennial-scale precipitation variability on the 244 Altiplano is documented throughout the Holo-245 cene by the Sajama ice core (Thompson et al., 246 1998; Fig. 6 ) and Lake Titicaca sediment cores 247 . Baker et al. (2001b) pro-248 posed that these millennial events are linked in 249 time and, perhaps by forcing mechanism, to the 250 'Bond events' of the North Atlantic (Bond et al., 251 1997; DeMenocal et al., 2000; Bond et al., 2001 ).
252
Insolation control by the precessional cycle has 253 a major impact on the intensity of the South 254 American Summer Monsoon (SASM; Zhou and 255 Lau, 1998 ) and on the summertime precipitation 256 amount on the Altiplano. The last two maxima of 257 summertime insolation over tropical South Amer-258 ica were at V21 000 cal yr BP and at present 259 (Berger and Loutre, 1991) . Response to this or-260 bital variability is evident in sediments from Lake 261 Titicaca and the Salar de Uyuni. Lake Titicaca 262 was very fresh and over£owing at 21 000 cal yr 263 BP and is fresh and (barely) over£owing today, 264 but in the Early and Middle Holocene, the lake 265 level fell to 85 m below its outlet (Seltzer et al., 266 1998) 1 1 Fig. 5 . Time series of annual rise of level of Lake Titicaca 2 compared with the time series of DJFM Sea Surface Temper-3 ature (SST) anomaly for the northern equatorial Atlantic 4 (7.5 ‡ to 22.5 ‡N, 2.5 ‡E to 37.5 ‡W; SST anomaly data from 5 Kaplan et al., 1997) . Colder SSTs in the northern equatorial 6 Atlantic correlate with wet conditions in much of Amazonia 7 (Nobre and Shukla, 1996) and in the northern Altiplano. (Stuiver and Braziunas, 1993; Stuiver et al., 322 1998a,b) Klink, 1996 ; Klink and Aldenderfer, 1996; Al-342 denderfer and de la Vega, 1997; Klink, in press) 343 and with climate and lake level (base level) data 344 from Lake Titicaca (Fig. 7) . The lithofacies that constitute 357 these FAs (Table 2) were classi¢ed on the basis of 358 grain size, sedimentary structures, biological com-359 ponents, and stratigraphic position, following the 360 procedures of Miall (1996 Miall ( , 1983 and Rust (1978) . 361 The lateral and vertical distribution of lithofacies, 362 along with groupings of their characteristics, 363 formed the basis for the FA de¢nitions (Table   364 3 Fig. 7 ). This FA, (Reineck and Singh, 1980; Miall 1987) . 418 Braiding results from large and rapid £uctua-419 tions in river discharge, abundance of coarse sedi-420 ments, high rates of sediment supply, and easily 421 eroded banks (Shelton and Noble, 1974; Cant 422 and Walker, 1978; Cant, 1982 (Smith, 1974; Boot-431 hroyd and Ashley, 1975; Rust, 1978 ; Smith, 432 1978). FA-2 was deposited by a sandy braided river. 466 Fining-upward sequences are common in sandy 467 braided systems. Fining-upward sequences such 468 as the ones preserved in this FA generally result 469 from sedimentation in braided channels (Miall, 470 1982; Reineck and Singh, 1980) . They also result 471 from waning £ow over bars and channels as the 472 result of accretion during active channel migra-473 tion (Davis, 1983; Kraus, 1984) . Such sequences 474 suggest cycles of £uctuating energy regimes. They 475 may record individual £ood cycles (Darby et al., 476 1990) and are probably related to annual to mil-477 lennial-scale £uctuations of precipitation. Individ-478 ual coarse units (Gm, Gmsh, Smg) are channel 479 deposits (Miall, 1982) . Pebble stringers and chan-480 nelized gravels more likely represent lags on scour 481 surfaces (Reading, 1996) . 482 
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Meandering river deposits (FA-3)

483
Meandering river strata (FA-3) are abundant in 484 the Rio Ilave terraces. They are present in all of 485 the terrace exposures downstream of Huarca (Fig.  486 7) . This FA is characterized by 0.5^6.0-m-thick 487 sedimentary packages dominated by distinct ¢n-488 ing-upward sequences of volcanigenic sands and 489 tu¡aceous siltstones and mudstones, thick sequen-490 ces of interbedded silt and mud, and local lenses 491 of sandy gravel, silt, and mud (Fig. 8B) . FA-3 492 occurs both above and laterally adjacent to (grad-493 ing from) FA-2. It is distinguished from FA-1 and 494 FA-2 by a lack of gravel and the presence of thick 495 sequences of silt and mud. The lithofacies that comprise FA-3 are Fml, 498 Fprw, Fsm, Spw, and Smg. The sandy lithofacies 499 occur at the bases of ¢ning-upward sequences. 500 Lithofacies Smg, a massive sand with locally dis-501 persed pebbles and mud rip-up clasts, commonly 502 exhibits an erosive base and typically grades up-503 ward into planar-to wavy-to cross-laminated 504 silty sand (Spw). Lithofacies Fsm consists of mas-505 sive to laminated silt and silty clay in beds rang-506 ing from a few centimeters to 0.5 m in thickness. 507 It occurs as individual ¢ning-upward sequences 508 and as interbeds within ¢ner grained strata. Lith- (Fig. 7) . The com- The highest terraces (T3, T4, and T5) are 569 present throughout most of the study area. They 570 are composed of ash-rich £uvial strata (domi-571 nantly lapillaceous gravels and sands, tu¡aceous 572 siltstones, and mudstones). T5, the highest terrace 573 surface at 24.3 m above river level, is highly dis-574 sected and is present from the Rio Uncallane 575 downstream. It is most prevalent near the Rio 576 Uncallane tributary, present locally downstream 577 of Huarca, and absent in the upstream-most 578 reaches^where the river is marshy and has low 579 relief (see Figs. 7 and 10).
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Terrace T4, with an average height of 15.7 m, is 581 the most persistent surface in the river valley and 582 is present in all but the upstream-most, low-gra-583 dient, wetland-like sections. In the central part of 584 the Ilave valley, the T4 level is identi¢able as ei-585 ther a distinct terrace or as a gravelly sand hori-586 zon within the non-dissected stratigraphic section 587 (Fig. 8) . Where the T4 terrace surface is well 588 formed, the surface is capped by either a thick 589 (up to 2 m) soil horizon or a gravel cap. Gravels 590 dissect the T4 surface to a depth that reaches 3.5 The sedimentologic and geomorphic character-636 istics of these terraces, along with the radiocarbon 637 ages from terraces T1 through T4, allow us to 638 develop a history of terrace development for the 639 river valley (Fig. 11) . Gullies that dissect the ter-640 race suite near Quinafaja and Huacumiri expose a 641 complex 3-D geometry. The sediments underlying 642 terraces T3 through T5 are vertically continuous 643 through the three-terrace sequences and grade 644 down-gradient from gravelly braided stream de-645 posits (FA-1) to sandy braided deposits (FA-2) 646 to meandering stream (FA-3) deposits. No evi-647 dence of major erosional events or of long-term 648 hiatuses is present in the composite 3-terrace stra-649 tigraphy (Fig. 8) . This suggests that the sediments 650 beneath these terraces were deposited in a contin- The T4 and T3 surfaces represent equilibrium 680 stages during a progressive downcutting of these 681 sediments. The complex distribution and heights 682 of the T5 through T3 terraces are consistent with 683 the overall basin geometry of alternating embay-684 ments and constrictions. As is typical of arid-re-685 gion mountain streams (Bull, 1991) , the Ilave val-686 ley terrace heights typically decrease upstream 687 toward constrictions and the terrace widths are 688 generally broader in embayments.
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In contrast to the compound T3^T5 terrace set, 690 terraces T1 and T2 are individual, inset, ¢ll terra-691 ces. The T2 strata onlap the T3 terrace and the T1 692 strata onlap the T2 terrace (Fig. 11) , indicating 693 that these terraces were formed during two dis-694 tinct episodes of aggradation. 
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726 (compound terraces T3^T5). This aggradation 727 was followed by the downcutting of the T4 and 728 T3 terrace tracts. As documented in other settings 729 (Bull, 1991) , the shift from aggradation to down-730 cutting was likely very rapid.
731
The initial downcutting probably began imme-732 diately after precipitation, runo¡, sediment load 733 decreased (as seen in the Ilave delta sediment ac-734 cumulation record; Fig. 12 ), and base level 735 dropped^probably just prior to V8000 cal BP. 736 Although the initial downcutting was likely very 737 rapid, the terraced strata document several peri-738 ods of episodic equilibrium. The longest equilib-739 rium phase was the prolonged period of T4 ter-740 race erosion and soil formation (between V8250 741 and 6780 cal BP). The T4 equilibrium phase was 742 followed by the T3 downcutting episode. Down-743 cutting to the base of T3 may have been episodic. 744 It occurred between V6000 and 4500 cal BP^the 745 major downcutting episodes were likely coincident 746 with periods of rapidly decreasing levels of Lake 747 Titicaca (Fig. 12) Andes, has been hotly debated for more than 30 1 1 Fig. 12 . Relationship between the Rio Ilave terrace development and changes in base level and sediment load. The benthic dia-2 tom record from a deep-water core (NE98-2PC) in Lake Titicaca is used as a proxy for lake level (solid line). The magnetic sus-3 ceptibility log from a core taken at the toe of the Ilave delta records detrital sediment accumulation at base level (dashed line). 4 The diamonds indicate radiocarbon dates in the £uvial sequence and the numbers correspond to the aggradational and downcut-5 ting events illustrated in Fig. 11 . Note that periods of aggradation correspond to periods of high (or rising) lake level in Lake Ti-6 ticaca Baker et al., 2001a) and (for all but T2) the periods of increased sediment accumulation in the Ilave 7 delta. Further, each hypothesized aggradation period corresponds to a lacustrine period in the Rio Desaguadero valley (Baucom 8 and Rigsby, 1999; Rigsby et al., 2001; Rollins, 2001) . Downcutting episodes, which leave behind no datable strata, are bracketed 9 in age by dates within the aggradational sequences and apparently correspond to periods of low lake level in Lake Titicaca 10 (Baker et al., 2001a) , low or rapidly decreasing sedimentation rates in the Ilave delta, and £uvial activity in the Rio Desaguadero 11 valley (Baucom and Rigsby, 1999; Rollins, 2001) . Instrumental records show that, on seasonal to 868 decadal time-scales, changes in the Rio Ilave dis-869 charge are related to changes in precipitation as 870 well as changes in the level of Lake Titicaca. Our 871 investigation of the Rio Ilave terraces suggests 872 that the Ilave River also responded to centennial-873 and millennial-scale events^especially changes in 874 precipitation and consequent changes in sediment 875 load. According to paleoclimatic reconstructions 876 and our history of terrace development, the Ilave 877 valley was relatively wet during the initial human 878 occupation (V10 000 to sometime prior to 879 V4400 cal BP). This was a time of high, but 880 erratic, lake levels and of soil formation on the 881 high terraces of the river valley. Humans occupied 882 the higher terraces (T3, T4, and T5) for at least 883 5000 years during this time interval. The lower 884 terraces (T1 and T2) were not present, hence not 
